Chalk aquifers are an important source of drinking water in the UK. Understanding and predicting groundwater levels is therefore 10 important for effective water management of this resource. Chalk is known for its high porosity and, due to its dissolvability, exposed 11 to karstification and strong subsurface heterogeneity. To cope with the karstic heterogeneity and limited data availability, specialised 12 modelling approaches are required that balance model complexity and data availability. In this study we present a novel approach 13 to simulate groundwater level frequency distributions with a semi-distributed karst model that represents subsurface heterogeneity 14 by distribution functions. Simulated groundwater storages are transferred into groundwater levels using evidence from different 15 observations wells. Using a newly developed percentile approach we can simulate the number of days exceeding or falling below 16 selected groundwater level percentiles. Firstly, we evaluate the performance of the model to simulate three groundwater time series 17 by a spilt sample test and parameter identifiability analysis. Secondly, we apply a split sample test on the simulated groundwater 18 level percentiles to explore the performance in predicting groundwater level exceedances. We show that the model provides robust 19 simulations of discharge and groundwater levels at 3 observation wells at a test site in chalk dominated catchment in Southwest 20
Introduction 27
The English Chalk aquifer region extends over large parts of south-east England and is an important water resource aquifer, 28 providing about 55 % of all groundwater-abstracted drinking water in the UK (Lloyd, 1993) . As a carbonate rock the English Chalk 29 is exposed to karstification, i.e. the chemical weathering (Ford and Williams, 2013) , resulting in particular surface and subsurface 30 features such as dollies, river sinks, caves and conduits (Goldscheider and Drew, 2007) . Consequently, karstification also produces 31 strong hydrological subsurface heterogeneity (Bakalowicz, 2005) . The interplay between diffuse and concentrated infiltration and 32 recharge processes, as well as fast flow through karstic conduits and diffuse matrix flow, result in complex flow and storage 33 dynamics (Hartmann et al., 2014a). Even though Chalk tends to less intense karstification, for instance compared to limestone, its 34 karstic behaviour has increasingly been recognised (Fitzpatrick, 2011; Maurice et al., 2006 Maurice et al., , 2012 . 35 Apart from the good water quality, favourable infiltration and storage dynamics which make chalk aquifers a preferred source of 36 drinking water in the UK, their karstic behaviour also increases the risk of fast drainage of their storages by karstic conduit flow 37 during dry years. This also increases the risk of groundwater flooding as a result of fast responses of groundwater levels to intense 38 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2016-386, 2016 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. and disregarding the scale discrepancy between borehole (point scale) and modelling domain (catchment scale) at which they were 27 applied. 28
In this study, we present a novel approach to simulate and predict groundwater level frequencies in chalk dominated catchments. 29 This uses a previously developed semi-distributed process-based model (VarKarst, Hartmann et al., 2013b) that we further 30 developed to simulate groundwater levels. To assess groundwater level frequencies we formulated a percentile of groundwater based 31 approach that quantifies the probability of exceeding or falling below selected groundwater levels. We exemplify and evaluate our 32 new approach on a Chalk catchment in Southwest England that had to cope with several flooding events in the past. Finally we 33 apply the approach on simple climate scenarios that we create by modifying our historic model forcings to show how changes in 34 evapotranspiration and precipitation can affect groundwater level frequencies. it is overlain by Palaeogene strata, resulting in confined aquifer conditions. The region around the Frome catchment is known for 6 the highest density of solution features in the UK (Edmonds, 1983) which can be mainly observed in the interfluve between the 7
Frome and Piddle (Adams et al., 2003) . Loams over chalk, shallow silts, deep loamy, sandy and shallow clays constitute the primary 8 types of soils occurring in the study area (Brunner et al., 2010) . The soils of the upper parts of the catchment are mainly shallow 9 and well drained (NRA, 1995). In the middle and lower reaches the soils are becoming more sandy and acidic due to waterlogged 10 conditions caused by either groundwater or winter flooding (Brunner et al., 2010; NRA, 1995) . Due to its geological setting, the 11 area is prone to groundwater flooding. It has occurred several times at different locations, for example in Maiden Newton during 12 functions that represent the variability of soil, epikarst and groundwater and was applied successfully at different karst regions over 19
Europe (Hartmann et al., 2013a (Hartmann et al., , 2014b (Hartmann et al., , 2016 . We use a simple linear relationship that takes into account effective porosities and 20 base level of the groundwater wells (see Eq. 1) to enable the model to simulate groundwater levels based on the groundwater storage 21 in VarKarst. Finally, a newly developed percentile approach is used to transfer simulated groundwater level time series into 22 groundwater level frequency distributions to compare to observed behaviour at a number of monitored wells. 23
The model 24
The VarKarst model operates on a daily time step. Similar to other karst models, it distinguishes between three subroutines 25 representing the soil system, the epikarst system and the groundwater system but it also includes their spatial variability , which is 26 expressed by distribution functions that are applied to a set of N=15 model compartments ( can be seen as a hybrid or semi-distributed model. All relevant equations and model parameters are provided in Table 2 and Table  30 3, respectively. The model was driven by two input time series (Precipitation and PET), and the 13 variable model parameters (see Table 3 up, respectively. During calibration, the most appropriate of the N=15 groundwater compartments to represent each groundwater 30 well was found by choosing the compartment with the best correlation to the groundwater dynamics of the well. This procedure was 31 repeated for each well and each Monte Carlo run and finally provides the three model compartment numbers that produce the best 32 simulations of groundwater levels at the three operation wells and the best catchment discharge according to our selected weighting 33 scheme. During calibration we used a weighting scheme which was found by trial and error. Discharge and the borehole at Ashton 34
Farm were both weighted as one third as Ashton farm is located in the lower parts within the catchment while the other two boreholes 35 were located at higher elevation at the catchment's edge and weighted one sixth each. In order to explore to contribution of the 36 different observed discharge and groundwater time series during the calibration, we use SCEM to derive the posterior parameter 37 distributions using (1) the final weighting scheme, (2) only discharge, (3) only Ashton farm, and (4) Given the model performance assessment above, we then use our approach to assess future changes of groundwater level frequencies 2 at our study site. We derive projections of future precipitation and potential evapotranspiration by manipulating our observed 3 'baseline' climate data. We extract distributional samples of percentage changes of precipitation and evaporation from the UK 4 probabilistic projections of climate change over land (UKCP09) for (1) a low emission scenario and (2) a high emission scenario 5 for the time period of 2070-2099. This enables us to capture, in a pragmatic and computationally efficient approach, for the two 6 emission scenarios the general range of changes for the most pertinent variables that we think will most impact changes to monthly-7 seasonal GW responses. We focus on projected median delta values for change in mean temperature (°C) and precipitation (%) as 8 well as the respective 25 th and 75 th percentile from the probabilistic projections and apply them on our input data. For our model 9 input we transfer projected temperatures into evapotranspiration via the Thornthwaite equation (Thornthwaite, 1948) . In this way, 10 we obtain 3 x 3 projections (3x precipitation and 3x evapotransration) for each of the emission scenarios that also address the 11 uncertainty associated with the projections. The resulting simulations will provide an estimate of possible future changes of 12 groundwater level frequencies for the two emission scenarios including an assessment of their uncertainty. 13 Table 3 at the groundwater levels, the simulation of Ashton Farm appears to be most adequate. However, there are considerable periods 24 when differences from the observations can be found for all wells. Simulations at Ridgeway and Black House show moderate 25 performance in capturing peak groundwater levels. Notably the simulation at Black House is slightly better in the validation period. 26
Results 14

Model calibration and evaluation 15
The cumulative parameter distributions derived by SCEM indicate that the model parameters were well identifiable when we use 27 all available data ( Figure 5 ), while some parameters remain hardly identifiable when only parts of the available data were used for 28 calibration. For instance, non-identifiable groundwater porosity and base level parameters if only discharge was used for calibration. percentiles) at all temporal resolutions in the validation period. By comparing matches in the number days of exceedance we evaluate 10 our model at different percentiles and time scales. The left value is the mean absolute deviation (MAD) and the right value is the 11 percentage of absolute deviation (PAD). We can see that the higher the percentile the larger is the deviation between observed and 12 modelled exceedances. The same is true for the PAD when moving from lower to higher temporal resolutions. The MAD gets lower 13 the higher the temporal resolution is. 14 15 
Reliability of the simulations 32
The low decrease in model performance during the validation period for the discharge and groundwater time series indicates 33 acceptable robustness of the calibrated parameters, which is corroborated by their generally mainly high identifiability derived by 34 SCEM for the final calibration scheme the used all 4 available observed discharge and ground water level time series. Using the 35 different weighting schemes we also see that only the combined calibration with all 4 time series allowed for identifying all model 36 parameters, while using the discharge or the groundwater observations alone would have produced posterior distributions that 37 indicate low sensitivity of some of the model parameters. A look at the parameter values reveals an adequate reflection of the reality. 38 Nat calibration that is more focussed on the high groundwater level percentiles may be a promising direction. A consideration of the 35 time spans above the 90 th percentile will allow for a better simulation quality. However, longer time series than available for this 36 study would be needed for a proper evaluation of this idea. 37
Applicability and transferability of our approach 38
We prepared two scenarios by manipulating our input data using probabilistic projections of annual changes of precipitation and 39 potential evaporation at 2070-2099 for a low and a high emission scenario. This might neglect some of the changes on climate 40 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2016-386, 2016 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. patterns predicted by climate projections but it is based on local and real meteorological values of the reference period therefore 1 avoiding problems that arise when historic and climate projection data show pronounced mismatches during their overlapping 2 periods. Our results revealed that both scenarios lead to less exceedances over higher percentiles and more non-exceedances of 3 lower percentiles indicating a higher risk of groundwater drought at our study site. However, one problem that arises from our 4 approach is that we do not consider changes in the seasonal patterns of our input variable, for example the increase of winter 5 precipitation. If this increase was considered the results would probably yield more exceedances of higher percentiles, as for instance Chalk. Since this study struggles also with the porosity, future work should take a closer look at this subject. 23
Conclusions 24
We used an existing process-based lumped karst model to simulate groundwater levels in a chalk catchment in South England. 25
Groundwater levels were simulated by translating the modelled groundwater storage into groundwater levels with a simple linear 26 relationship. To evaluate our approach we analysed the agreement of observed and simulated groundwater level exceedances for 27 different percentiles. Finally, a simple scenario analysis was undertaken to investigate the potential future changes of groundwater 28 level frequencies that affect the risk of groundwater flooding as well as the risk of groundwater droughts. The model performance 29 for discharge and the groundwater levels was satisfying showing the general adequacy of the model to simulate groundwater levels 30 in the chalk. It also revealed shortcomings concerning higher groundwater levels. This was corroborated by the percentile approach 31 that showed a robust performance up to the 90 th percentile. A scenario analysis using UKCP projections on expected regional climate 32 changes showed that expected changes may lead to an increased occurrence of low groundwater levels due to increasing actual 33 evaporation. In order to obtain more reliable results we recommend collecting more data about the hydrogeological properties of 34 our study site to improve the structure of our model regarding the porosity and the unsaturated zone. In addition, longer time series 35 and an adapted calibration approach which, in particular, emphasizes on the >90 th percentiles of groundwater levels could 36 significantly improve our simulations. In addition we propose to apply the method on other catchments to test the transferability of 37 our approach and to quantify the variability of climate change impacts over a wide range of Chalk catchments across the UK. 
